Abstract Glucose-stimulated insulin secretion is ensured by multiple molecular, cellular and tissue events. In this issue of Diabetologia, Low et al (DOI: 10.1007/s00125-013-3019-5) have taken an important new step towards understanding the hierarchical organisation of these events, by monitoring in vitro the individual exocytosis of multiple beta cells within intact mouse islets. The authors show that glucose stimulation markedly increases the number of exocytotic events per cell and, to a lesser extent, the number of beta cells contributing to this event. In this commentary we discuss these novel observations and propose that metabolic and electrical coupling of islet beta cells is responsible for a more homogeneous glucose-induced secretory response of cells in an intact islet as compared with isolated beta cells.
is a prominent event in the pathogenesis of type 2 diabetes [1, 2] . A wealth of data has identified a number of proteins, organelles and cells that interact during this event. Still, the relative contribution of each of these factors, and their hierarchical organisation for the proper control of insulin secretion, remain open questions.
The molecular steps that couple the increment in extracellular glucose to insulin release is now well established (Fig. 1) . A rise in circulating glucose is detected by beta cells because the sugar rapidly diffuses through transport proteins into the cytoplasm. Here it is processed, resulting in a rise in free cytosolic [Ca 2+ ], which plays a central role in facilitating the two phases of release of the insulin-containing secretory granules, that cumulatively ensure the appropriate level of insulin secretion [1, 2] . At the tissue level, it remains a matter of debate whether this sequence takes place in all the beta cells of an intact islet. It has also yet to be determined how the response to glucose stimulation is implemented under in vivo conditions, where the effects of sugar are integrated with those of the many other components of a meal, and beta cells are under influence of the nervous, endocrine and microbiome systems [3, 4] . There is evidence that beta cells are heterogeneous in their ability to metabolise glucose [3] , synthesise insulin [5] and release the hormone [6] . Thus, glucose-responsive and non-responsive beta cells have been shown to coexist in the absence of obvious differences in the electrophysiogical properties deemed essential for a proper response to glucose [7] . This heterogeneity is preserved over time [8] and is modulated by both acute and chronic glucose stimulation [6] [7] [8] [9] , supporting the view that all beta cells are not identical with regard to the cellular mechanisms that are activated by glucose stimulation [3, 4] . Given that in situ beta cells interact with each other and other cell types by a variety of mechanisms [3, 4] , including by connexin36 (Cx36) gap junction channels that synchronise their glucose-induced electrical activity and [Ca 2+ ] transients [4, 10, 11] , some of the intrinsic differences observed between individual beta cells may be masked as other beta cells within wild-type islets will compensate (Fig. 1) . Still, differences in the ability of beta cells to release insulin during sustained glucose stimulation have been documented in vivo [9] . At the cellular level, it has been documented that glucose elicits the preferential release of newly made secretory granules [12] . However, how these granules are targeted for exocytosis is not fully understood. Because of these uncertainties, it is still unclear to what extent glucose stimulation is accounted for by the increased activity of individual beta cells, the recruitment of larger numbers of secreting cells, more or faster exocytotic events, or a combination of these factors. Also, the hierarchical organisation of these events remains to be determined.
In this issue of Diabetologia, Low et al [13] have taken an in vitro step towards understanding this process. By combining a high spatial and temporal resolution two-photon microscope and an extracellular membrane-impermeant tracer that labels secretory granules upon their fusion to the cell membrane [14] , they simultaneously monitored the individual exocytosis activity of multiple beta cells within mouse islets exposed to various glucose concentrations [13] . Having documented that their approach provides estimates consistent with the actual glucose-induced release of insulin (yet not measured from exactly the same islets which were monitored microscopically), they show that glucose stimulation markedly increases the number of exocytotic events per cell and, to a lesser extent, the number of beta cells contributing to this event. Strikingly, both changes were most conspicuous in islets acutely exposed to 8 mmol/l glucose, a concentration close to the physiological postprandial levels of the sugar [13] . First, these findings confirm the usefulness of this technology for evaluating the functioning of individual beta cells within the native environment of pancreatic islets [14] . Second, they provide further support for the previous observations that insulin secretion does not take place simultaneously and at the same rate in all beta cells [6, 9] , and that glucose stimulation promotes the recruitment of actively secreting beta cells [3, [5] [6] [7] [8] [9] . The findings strengthen the view that beta cells display intrinsic functional differences that decrease with glucose stimulation [3, 4] . The mechanism of this recruitment remains to be understood. Given that Cx36 channels ensure the electrical and metabolic coupling of stimulated beta cells and the intercellular synchronisation of their glucose-induced [Ca 2+ ] transients [4, 10, 11] , it is likely that Cx36 signalling is implicated (Fig. 1) .
The noteworthy novel finding of the study by Low et al [13] is that the incidence of exocytosis of secretory granules is markedly increased by raising the glucose levels from a resting to a postprandial level, and shows a more modest increment with a further increase in environmental glucose [13] . The data identify the frequency of exocytosis as a primary physiological glucose effect, even though they do not unravel the underlying molecular mechanism and they do not identify the type of granule or the region of the cell membrane involved in their release. Further investigations may indicate how the graded and exquisite sensitivity to glucose is selectively lost in the beta cells of type 2 diabetic patients [1, 2] . In turn, this understanding would be expected to stimulate the development of novel targeted drug and cellular therapies. concentration. This increase facilitates the exocytosis of insulin-containing granules. (b) In wild-type islets, the response of neighbouring beta cells is modulated by Cx36 channels. Under basal conditions (3 mmol/l glucose, left), these channels couple small numbers of beta cells, which therefore still display their native metabolic heterogeneity (indicated by the intensities of the grey shading). As a result, exocytotic events are few, and these are seen in only a minority of metabolically active beta cells (dark grey). After glucose stimulation (8 mmol/l glucose, middle), most beta cells are metabolically activated given the synchronisation facilitated by functional Cx36 channels. As a result, the number of exocytotic events markedly increases, and a larger proportion of beta cells contribute to insulin secretion. However, when Cx36 channels are poorly expressed or are not functional (right), such intercellular synchronisation cannot take place, in spite of the metabolic activation of most beta cells, resulting in decreased glucose-stimulated insulin secretion Still, there are several aspects of the study by Low et al that should be taken into consideration when interpreting these findings. First, the study is on isolated islets [13] , leaving the question of whether a similar pattern of exocytosis takes place in vivo to be answered. Further technological developments in conjunction with methods to stimulate individual cells within living animals may help to address this critical issue. Second, and in contrast to previous reports [14] , the authors exclude significant effects of glucose on the dynamics of granule opening and recapture. This conclusion may be premature as the experiments were conducted at 34°C, on islets exposed to only one glucose concentration, and using a monitoring method which, the authors concede, had a time resolution that may not consistently allow the detection of subtle dynamic differences [13] . Third, Low et al propose that the glucose effect on the incidence of exocytosis largely predominates over that on beta cell recruitment. This conclusion should be re-evaluated, taking into account the fact that recordings were made at the periphery of the islets, a region where beta cells are stimulated by glucose at a slower pace than those in the centre of the islets [9] , and that the two-photon microscope method imaged only 10% of the total membrane area of the few dozen beta cells monitored in each recording [13] . Thus, the actual recruitment of the actively secreting beta cells may have been undervalued. This possibility could be tested by combining the novel exocytosis recordings with markers that differentiate between the highly and poorly secreting beta cells, including under conditions such as pregnancy, in which plasticity of the functional beta cell mass is required to accommodate variations in insulin needs [15] . At the end of their paper Low et al comment that the observations made in wild-type murine islets may not apply to human islets [13] , because of the several cytological and regulatory differences that have been documented between the two species [16] [17] [18] . This is a possibility, even though several similarities have been shown between the islets of the two species, notably with regard to several steps of the glucose-secretion coupling mechanism [1, 2] , the secretory heterogeneity of individual beta cells [19] , their expression of Cx36 channels [20] and their synchronisation within isolated islets [21] . As noted in the conclusion of the paper by Low et al [13] , repeating the studies using human islets could help to clarify whether the glucose-induced effects differ in rodents and humans, which may suggest that the differences are dispensable evolutionary modifications, or are similar in the two species, which would argue for some critical, if not obligatory, mechanism.
